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This paper investigated the influence of specific variables, including force, pressure, bending angle, volume, and displacement on the
movement of pneumatic pouch motors. After conducting a review of the literature within the field of soft robotics, a gap was found in
the use of pneumatic pouch motors due to the lack of current research available in this field. In addition, most research previously con-
ducted has been focused on more complex actuators, with little focus on simpler and more cost-efficient forms. Therefore, this research
aimed to experimentally determine a mathematical model to represent the motion of pneumatic pouch motors.

INTRODUCTION

Problem Statement

There is a problem with the cost of current pneumatic artificial
muscles, which has the potential to result in a negative impact on
the health of those suffering from impaired motor functions. De-
spite current research being dedicated towards the modelling of
these actuators to make them more accurate and lower discrepan-
cies between the models and prototype devices, cost will continue
to be an issue, especially when considering the intended use of the
pneumatic actuators. If intended for medical purposes such as re-
habilitation or an additional form of patient care, cost can act as a
barrier to provide the patients with this form of treatment. Lower
cost alternatives also need to be examined to consider the economic
side the actuators that has a direct impact on availability to patients.

Current Soft Robotic Technology

Soft robotics is a specific field within the realm of robotics that
uses highly compliant materials to imitate the movements of living
organisms. The flexibility of soft robots makes them ideal to use
with the human body, as the technology intended to replicate aver-
age movements is able to do so without being too rigid or having a
limited range of motion experienced with other robotics. Accord-
ing to Biggar & Yao, because of extended life expectancy and sed-
entary lifestyles, long term health of the population is of concern
(2016). Both Biggar & Yao and Maeder-York et al. argue that these
concerns are illustrated by the increase in disabilities caused by
medical conditions such as stroke, with 76% of stroke victims in
the United States left with disabilities (2016; 2014). With the need
for rehabilitation for these disabilities, soft robotics offer a solution
to regain the loss of function.

One of the challenges encountered is the time between the
conceptual design of the robotic device and the construction of a
functional prototype, however pouch motors provide a solution to
this problem (Niiyama et al. 2014). The pouch motors enhance the
mass production of robots using accessible materials, which short-
en the wait period between idea and reality, and allow for easy fab-
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rication and prototyping of robotic systems (Niiyama et al. 2014;
Niiyama et al. 2015). The pouch motors are pneumatic devices
made from sheet materials by heat bonding, consisting of gas-tight
bladders (Niiyama et al. 2014). They are able to use the mechanical
work of the fluid into the deformation of the pouches to exert forces
via output tabs on the edges of the pouch, necessary for the actu-
ators to function (Niiyama et al. 2015). Additionally, these pouch
motors can be layered to create more complex pneumatic systems
that work together from a connected control system to create oper-
able robots, such as rehabilitative robots.

Use in Rehabilitative Devices

One of the most promising uses of pneumatic pouch motors is their
use in medical robots for physical rehabilitation. Because of their
flexible nature and compliant materials, soft robotics provide a
valuable resource within the medical field, especially for physio-
therapy. While evaluating devices made for the rehabilitation of
hand, wrist, and thumb functions, researchers have come to com-
mon conclusions about their devices surrounding their future de-
velopment to be more accessible for patients and to more accurate-
ly fit targeted motion paths (Biggar & Yao 2016; Maeder-York et al.
2014; Chu & Patterson 2018; Ates et al. 2017).

Another common point across the research is the use of
pneumatic actuators for rehabilitation devices. The EXOWRIST
prototype uses pneumatic actuators to achieve 2 degree-of-free-
dom movements, which Andrikopoulos and his peers’ claim have
similar properties of organic muscle, which is validated by the re-
search of Al-Fahaam et al., who argue that the pneumatic actuators
perform similarly to organic muscles (Andrikopoulos et al 2015;
2018). The benefits of pneumatic actuators over other forms of
soft robotics arise from their ability to follow linear contractions,
whereas soft actuators require complex mathematical modelling
for their nonlinear behavior (Al-Fahaam et al. 2018). Additionally,
Chu & Patterson (2018) notice the recent emergence of pneumatic
rehabilitation systems throughout their synthesis of 44 devices, and
view this trend as a result of the pneumatic systems allowance for
more specific hand motions than other systems. Along with their
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similar properties to organic muscle, the pneumatic systems do
not add an excessive amount of weight to the device, falling with-
in the range of acceptable weight (Chu & Patterson 2018). The
pneumatic actuators are able to provide safer interaction between
patients and the device, as they are still made of soft materials,
however because of their linear contractions, they must be se-
cured rigidly to the patient or be combined with a rigid serial link
mechanism to keep them in place, which does not allow for the
device to be adjusted easily (Al-Fahaam et al. 2018). The need for
the device to be adjustable, have minimal weight, and not inter-
fere with hand functions is to provide accessibility and portability
for the patients so they are able to use it as a home-based device,
providing the additional rehabilitation outside of viewing a phys-
iotherapist.

Need for Mathematical Modeling & Current models

Through the development of mathematical models, the pouch
motors can be refined for a more exact fit for their desired func-
tions. As suggested by many researchers currently working on the
development of rehabilitation prototypes, improving the mathe-
matical models to decrease percentage error and considering the
effects of other variables on the actuators will improve the overall
function of the devices (Al-Fahaam et al. 2018; Greer et al. 2017,
Niiyama et al. 2015). The mathematical modeling of the pneu-
matic pouch motors will allow for more accurate plans for the use
of this technology within robotics and for more accurate devices
within the realm of physical rehabilitation.

Current models being researched and data being collected
consider the effects of pressure and force in relation with one an-
other, the effects of tension, torque, and range of motion on the
pouch motors’ behaviors, static force-length and moment-angle
relationship, relationship between angles and pressure control,
and the manipulation of pressure while considering the angular
motion that controls the device (Al-Fahaam et al. 2018; Niiyama
etal. 2015; Niiyama et al. 2014; Sun et al. 2015; Andrikopoulos et
al. 2015). Taking into the accounts of other researchers and com-
piling them together illustrates the importance of the modeling
systems and the accuracy that they can provide.

Cost-Saving Potential

Because of their use in rehabilitative devices, there is a need to
keep the actuators cost effective for the patients. Recovery is in-
tensive and with the increasing number of patients, it puts addi-
tional strain on physiotherapists and healthcare budgets (Biggar &
Yao 2016). By developing rehabilitative devices, it aims to reduce
this physical strain put on physiotherapists while allowing them
to take on more patients as the device handles most of the manual
labor (Biggar & Yao 2016). The ability to be used by the majority
of the patients however is dependent on the cost effectiveness of
the device. Researchers currently developing low-cost rehabilita-
tive devices have taken different approaches to maintaining the
low-cost, including 3D printed exoskeletons (Rocha et al. 2018).
Additionally, for the devices to provide the most promising form
of rehabilitation, they also need to be portable and adaptable for
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patient use so they are able to use the devices at home without the
need of medical professionals to facilitate the devices. The use
of pneumatic pouch motors in these rehabilitative devices meet
the necessary low-cost materials while providing adaptability and
portability to the devices because of their soft robotic technology
that allows them to be more flexible and less rigid than traditional
robotics while still providing the necessary support.

Discrepancy & Hypothesis

After reviewing the literature surrounding the use of soft robot-
ics, there is a need for research to be conducted on the uses of
pneumatic pouch motors as well as requests to further investigate
different variables that are known to impact other forms of pneu-
matic actuators. While there is some experimental evidence in
the form of mathematical models that currently represent specific
forms of actuators, these researchers still provide recommenda-
tions for future research to continue the experimentation and col-
lection of quantitative data to optimize current findings (Al-Fa-
haam et al. 2018; Biggar & Yao 2016; Greer et al. 2017; Niiyama
et al. 2015). In addition, little to no experimental data has been
collected as of yet regarding the use of pouch motors and their
specific uses as pneumatic actuators, therefore warranting the re-
search necessary to determine these relationships. By collecting
quantitative data for pressure, force, bending angle, and volume
variables respectively, they can be used to represent the pouch
motors while also considering the work done on different forms
of actuators to compare similarities and differences.

Considering the previous work done in this field it is hypothe-
sized that pressure will have an effect on the force exerted, the
bending angles, displacement, and the volume of the pouches.
Furthermore, considering the models previously determined for
different forms of actuators, the relationship between pressure
and force and pressure and bending angle is likely to be a non-lin-
ear relationship.

METHODS

Introduction

The impact of input pressure on the dependent variables of mus-
cle type pneumatic pouch motors was experimentally determined.
The input pressure of the device was gradually increased and then
decreased over time while simultaneously collecting data about
the force exerted, bending angles, displacement, and volume of
the pouch motors. After experimentation, the collected data was
analyzed to determine the mathematical relationship between the
input pressure and the force exerted by the pouch motors.

Due to the physical and mathematical nature of the experi-
ment, a scientific experimental approach provides the best meth-
od to describe the relationship between the variables by collecting
quantitative data to determine the mathematical relationships be-
tween the input pressure and output force of the pneumatic mus-
cles.

This method of inquiry aligns with previous research done
in the field. Al-Fahaam and his peers used a similar approach to
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evaluate models for the extending McKibben artificial muscles that
have been reinforced to prevent extension. These researchers in-
vestigated the effect of displacement, pressure, and force, as well as
the geometrical parameters of the device, on the performance of the
actuators (Al-Fahaam et al. 2018). Additionally, they explain that
the diameter, or width, of the pouch motors do not have an effect on
the maximum extending of the pouches, which is only dependent
on their length. Their analysis of the quantitative data that was col-
lected contributes most greatly to this experiment being conducted
because of their work determining mathematical models to repre-
sent the extensor bending muscles, along with the importance they
place upon future work in this field, justifying the purpose behind
this research (Al-Fahaam et al. 2018).

In addition, Ryuma Niiyama and his associates have worked
on the use of pouch motors and computational design and created
a computer-generated hand that is able to gesture and hold a foam
ball (Niiyama et al. 2015). They chose to use a heat bonding meth-
od, as well as the use output tabs attached at the edges of the pouch
motors to deliver the mechanical power exerted by the pouches as
they contract and expand, aligning with the procedures followed
from the Open Soft Machines Website (Niiyama et al. 2015). Com-
bined with the established need for controllable robotic systems
to help neurologically impaired or recovering patients by Maed-
er-York et al. and Biggar & Yao, the quantitative analysis of pouch
motors provides a plausible solution (2014; 2016). By comparing
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compatible LoggerPro software, slow-motion video camera, and
the Arduino based Programmable Air control system.

The Vernier sensors connect to the computer through an in-
terface and are recognized by the LoggerPro software. The specific
sensor used for this investigation was the dual-range force sensor,
which is able to measure pushing and pulling forces exerted against
it. The sensor was used to measure the pulling force exerted by the
pouch motors as they contract and extend as air is let into and out of
the pouches, with respect to the time interval to be compared with
the additional variables.

The slow-motion camera was used in order to collect dis-
placement data as the pouch contracts and extends. Because the
displacement values are so small with respect with the pouches that
are contracting, the slow-motion camera allows for the displace-
ments to be accurately reported at the specific pressure input.

The Arduino based Programmable Air system consists of
a control board with Aiyima brand medical booster pumps (air
pumps), which are able to release high pressure air while also gen-
erating a vacuum. The control board is connected to an addition-
al valve board by attaching to connectors on the sides. The valve
board consists of three valves which can be individually controlled,
providing a controlled path for air from the board to the desired
location (Shrivastava 2019). The purpose behind the construction
of the programmable air system was to produce a cost-effective
and “maker friendly” option for programmable air sources that are

the methods that will be used throughout this paper with those of required to experiment with inflatables (Shrivastava 2019). Shri-

which in the previously mentioned studies, this method aligns with
the field of research and will use similar experimentation to add to
the research currently available.

Variables

The independent variable of this study was the input pressure of the
device, and the dependent variables were the output force exerted,
the bending angle, volume, and displacement of the pouch motor.
The bending angle of the pouch motors refer to the angle of the
entire pouch as curls while being inflated, while the volume re-
fers to the volume inside the individual compartments of the pouch
motors as they are being inflated. The independent variable was
varied over time to determine its effect on the independent vari-
ables. These relationships were then determined by plotting various
scatter plots relating the variable together to determine the relation-
ship between them. This experimental method incorporated the use
of data collection instruments and technologies in order to collect
the required data including: inflation control system, sensors, and
slow-motion video analysis, which all allowed to a more accurate
reading of the variables. The variables investigated in this paper
align with the research question of the investigation as they will be
analyzed to determine the mathematical relationship of the linear
and curling pneumatic pouch motors.

Data Collection Instruments

Collection instruments were required in order to conduct the exper-
iment and obtain the quantitative results needed. The instruments
used for this inquiry were a Vernier dual-range force sensor with
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vastava’s intentions of producing a cost-effective and easy-to-use
device align with the purpose behind this inquiry allow for a more
affordable form of soft robotics to be used for patient car in the
form of rehabilitation of prosthetics. This system allows for the
pressure differential between atmospheric pressure and the pres-
sure inside the pouch to be monitored while the air-supplying and
air-discharging processes are occurring simultaneously. This col-
lection mechanism can control the data collection process, as all
other variables are dependent on the input pressure and allows for
connections between the variables to be made after the analysis of
the data.

The experimental setup of the Programmable Air and con-
nection to the Arduino software and connection to the pneumatic
pouch motor can be seen in Appendix A.

Templates

For this experiment, two different templates of pouch motors were
investigated in order to compare their experimental results against
one another. The linear and curling pouch motor templates were
chosen because of the similar nature of their composition, which
allowed for more simplistic comparisons between the two. These
templates, that are shown in Appendices B & C, were retrieved
from the Open Soft Machines website where there are many oth-
er templates and forms of soft robotics available to focus on the
implementation of soft robotics for further investigation to be de-
veloped for future technologies. The website, directed by Ryuma
Niiyama, provides an essential resource for this research as it pro-
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vides information on the forms of soft robotics, aligning with other
literature within the field.

Procedure

The pouch motors were constructed by using a template to trace
the desired pattern for the pouch motors onto the sheet of 0.006mm
polyethylene plastic. The dial on the heat sealer was set to the heat
setting between 5 and 6, which was the required setting to ade-
quately seal the films. The pouch motors were then sealed along
the indicated lines on the outside of the pattern first, as the arm was
pushed down and held for 3-5 seconds to seal the plastic films to-
gether. The sealing process was repeated until all of the outer seals
of the pattern were complete. The partition seals inside the pattern
were then made by inserting a narrow piece of cardboard between
the partition lines against the heating section of the heat sealer so it
is not able to apply the heat to the plastic to bond the sheets together
in this section. This step made the tunnels between the subdivided
compartments for the air to flow through. The pouch motor was
then carefully cut out along it’s outlines, ensuring not to cut along
the seals. The position of the air inlet hole was chosen to be near
the center of the pouch within one tunnel and was made by using
the needle to carefully puncture a hole for the needle to go through,
without puncturing the other side. This process was repeated four
more times for the same pattern, and then five more times for each
of the two other patterns to produce five pouches of the same pat-
tern for three different patterns.

The programmable air control system was used to supply and
discharge air out of the pouch motors while simultaneously mon-
itoring the pressure difference between the atmosphere and with-
in the pouch. The needle end was connected to the tubing. Before
the process began, the Pressure Sensor example of the Program-
mable Air system was run to determine the atmospheric pressure,
which was then recorded. The needle was placed through a piece
of strong double-sided adhesive tape and then in the air inlet hole
while using the tape to connect the needle to the pouch. A piece
of masking tape was then placed over the needle to help eliminate
any air lost through the small hole. A piece of string was cut and
then tied through the output tab at one end of the pouch motor and
then attached to the Vernier dual-range force sensor clamped to the
counter surface. The sensor was zeroed while the pouch was pulled
until just before the sensor detected a force and then was fixed to
the counter.

The data collection process then began by uploading the
OpenSoftMachineTest example coding to the board to run the sys-
tem to inflate and deflate the pouches while monitoring the pressure
differences within the pouches. The initial atmospheric pressure
was upload to the code. The collection process was let run for two
minutes and then repeated for three trials.

The same procedure as above was used to control the input
pressure of the pouch motor using the Programmable Air control
system, while simultaneously monitoring the changes in the bend-
ing angle of the pouch. This value was quantified by using a piece
of paper rolled into a cylinder, which was adjusted to the specific
curvatures at the specific input pressures. The equation 0=2xnl/C
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was used to determine the bending angle of the pouches by mea-
suring the circumference of the circles that fit the curvatures, and
using the length of curvature of the pouches to solve for the angle
0. The results were recorded to be later analyzed.

Displacement data was also collected using the Programma-
ble Air system to control the independent variable of the experi-
ment. The input pressures of the device were left to increase and
decrease while examining their effect on the total displacement of
the pouch motors. This data was collected by using a slow-motion
video camera. A ruler was placed in the video frame with the zero
mark at the fixed end of the pouch motor. The video was recorded
as the air supplying and air discharging mechanisms occurred and
looked at the difference from the initial position when the pouch
was deflated and to the desired point of inflation of the pouch.

Volume data was determined by measuring the diameters of
the individual compartments of the pouch motors, as well as the
individual lengths of curvature. These values were recorded, and
then left to be further analyzed in order to determine the volume as
the pouches inflate.

The entire collection process was repeated for the other tem-
plate (curling) of pouch motor, to compare the differences between
the dependent variables between the two templates.

RESULTS

The data collected for the aforementioned variables is presented
below in a series of graphs, tables, and mathematical analyses.
These results were necessary to relate the variables to one another
and determine the mathematical model of the linear and curling
pouch motors.

The following table references the variables that will be used in
the results section of this paper. These identified variables will ap-
pear on both graphical representations and the mathematical analy-
ses of the results.The variables used throughout the results section
are defined in Appendix D.

Pressure difference and force vs. time data for Linear, Angular,
and Curling Pouches 1, Trial 1 can be found below. These figures
illustrate the relationship between the force and pressure variables.
The raw pressure data was collected in arbitrary units, but then
converted to kPa using the conversion PkPa=Px0.1994+101.3. The
force and pressure sensors did not collect on the same time interval,
therefore the results had to be plotted independently of one another.

irzin

Figure 1. Scatter plot of linear pouch 3, trial 1 pressure dif-
ference between atmospheric pressure and the pressure inside
the pouch motor compared to force versus time.
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As can be seen on the corresponding figures, when there was a
maximum input pressure of the pouches there was also a maximum
force exerted, as well as when there was a minimum pressure there
was a minimum force exerted.

The corresponding points from Figure 1 were then plotted
against one another on a pressure vs. force graph. Figure 2 rep-
resent this pressure vs. force graph, which illustrate a linear rela-
tionship between the two variables, providing the equation for the
linear trendline and the R? values.
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Figure 2. Scatter plot of linear pouch 3, trial 1 pressure com-
pared to force exerted. y =4.2316x + 96.21 R? = 0.9235

Pressure was then compared to the bending angles of the pouch mo-
tors; however, these angles could not be measured directly because
of the nature of the pouches. The bending angles of the pouches
were determined by using the equation 6=2xnl/C, where C is the cir-
cumference of the pouch if it were to continue and create an entire
circle and 1 represents the length of curvature (Appendix E).

Figure 3 represents the relationship between the input pressure
of the device and the bending angle of the pouches.
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Figure 3. Scatter plot of linear pouch 3, pressure difference
compared to bending angle. y = 5.7538x + 107.34 R* = 0.9723
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Next, force and displacement data were compared by plotting them
against one another for both templates of pouches.

It can be seen that the relationship between the two variables is no
longer linear (Figures 4 & 5).

Differential equations were used to determine a relationship
that best represents the functions produced by these graphs. Differ-
ential equations were chosen to represent these functions as they
allow for a more accurate fit than the trendlines produced from the
spreadsheets and are commonly used to model rates of change. The
calculations shown in Appendices F & G show the steps used to
determine the differential equations that best fit the functions pro-
duced by the observed data points for both the linear and curling
pouch motors, as well as the functions plotted on graphs with the
data points.

il i : 5 ;
Figure 4. Scatter plot of force vs. displacement data (red) with
calculated differential equation (green), for linear pouch.

Figure 5. Scatter plot of force vs. displacement data (green)
with calculated differential equation (red), for curling pouch.

5
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As can be seen from these graphs, the determined trendlines fit
the data more accurately, and are able to provide a relationship be-
tween the variables.
The next graphs produced compared the pressure of the pouches
with their volume as they inflated. These graphs, Figure’s 6 & 7,
illustrate another linear relationship between the two variables.
The interior volume of the pouch motors was determined by
examining the individual compartments of the pouch motors. To
determine these values the cross-sectional areas were determined
and then multiplied by the lengths of the compartments, which is
equal to the width of the pouches, and then multiplied by the num-
ber of compartments in the pouch. The equation A=1/2 "2 (o-sina)
was used to determine the area of a circular segments, which is one
half of the cross-sectional area. This value was then multiplied by
two and the length of the compartments to determine the volume
of one of the individual compartments, as can be seen below in
Figure 6, was then multiplied by the number of compartments to
determine the total area.
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Figure 6. Scatter plot of linear pouch 3, pressure compared to
volume. y = 2.1986x + 104.81 R* = 0.9597
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Figure 7. Scatter plot of curling pouch 2, pressure compared
to volume. y = 2.2464x + 104.15 R* = (0.9881
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By producing force vs. displacement and pressure vs. volume
graphs, the area under each of these curves represents the work
done by the pouches and can be determined by taking the inte-
gral of the functions. The input work would be represented by
the pressure-volume graphs, while output work is represented by
force-displacement graphs. Using the work input and output of
the pouch motors, the efficiency can be determined. The calcula-
tions performed in Appendix H show the work done by both the
linear and curling pouches and their efficiency.

These results that were collected and analysed allowed for the
determination of mathematical models for the linear and curling
pneumatic pouch motors and for conclusions to be drawn from
the efficiency calculations.

CONCLUSION

Discussion

As can be seen from the previously shown figures, there evident-
ly is a relationship between the input pressure of the device and
the force exerted, displacement, bending angle, and volume of
the pouches. From the analysis of these results, it appears that
the two templates used experience similar relationships between
the variables. Considering the work of Hassanin Al-Fahaam and
his associates, this is not necessarily unexpected as the width of
the pouch motors does not have an effect on the forces they are
able to exert, but length does (Al-Fahaam et al. 2018). While the
widths of the templates differed, their lengths were relatively the
same.

Despite the pouch motors low efficiency, they are still able
to produce their desired motions. As shown above, the efficiency
of the curling pouch is greater than that of the linear one. This
may have occurred due to the difference in the number of individ-
ual compartments of the two templates. The curling pouch con-
sisted of six compartments, while the linear pouch had only four.
The discrepancies among these values should be considered for
future research to investigate making the pouches more efficient.
Their efficiency can be accounted for through the development
of these models, as well as by developers who may build upon
these findings.

Additionally, as can be seen from the graphs, the pouch
motors experience a maximum force they can exert, a maximum
bending angle, displacement, and volume. This occurs because
the input pressure of the device can only go to a certain value
before popping the seals of the plastic. Therefore, the pouches
are limited by their physical composition. This observation may
inspire future investigations to investigate additional low-cost
sealable materials.

Initially, based on the review of the literature, it was hypoth-
esized that the relationships between pressure and force and pres-
sure and bending angles would be nonlinear, due to the results
surrounding other forms of pneumatic actuators. However, the
data presented in this paper rejects the initial hypothesis, as these
relationships were linear.
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The conclusions presented are limited to the accuracy of the equip-
ment used and the trials conducted. While measures were taken to min-
imize error as much as possible, the Vernier sensors do not always pro-
vide accurate readings. Finally, this paper only considers two different
patterns of pneumatic pouch motors when there are more possibilities.

Implications

Through the development of these mathematical models, other research-
ers will be able to build on top of this and begin to develop pouch motors
for specific uses. For example, pouch motors provide the functionality
ideal to use for medical purposes because of their soft and flexible na-
ture. In addition, they also provide potential uses in education to intro-
duce students to different forms of robotics without the large costs. As
pneumatic pouch motors offer a lower cost and easier to make alterna-
tives, education systems may be more inclined to use them.

These uses provide real world applications, making the implica-
tions of this research that much more prominent. With their most prom-
ising uses being rehabilitation, these forms of pneumatic actuators will
help to enhance patient care by providing the potential for a home-based
device. This from of robotics provides easy-use for patients because of
their portable and adaptable nature, along with being a cost-efficient op-
tion that provides the same health benefits as physiotherapy. This form
of treatments will help to lower treatment costs and the strain on physio-
therapists, as they will not need to see as many patients as often. These
findings will contribute to the future use of medical technologies for
patients care, as they will help to combat the increasing number of health
concerns related to the extended life expectancy of the population, while
also providing the potential for education.

Future Directions

Future research within this field would look to include the incorpora-
tion of other varieties of pneumatic pouch to compare their experimen-
tal results. By studying a wider variety of pouch motors, it could be
determined which of them is most able to replicate bodily movements
and functions, such as grasping, to be developed for patient use. Inves-
tigating the effects of pouch length, width, and the number of individual
compartments as well as exploring efficiency improvements also pro-
vides the potential for future research as these investigations will open
up more opportunities for the use of pneumatic pouch motors.
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APPENDIX A

Figure Al: Programmable Air with connection to
computer with Arduino software and connection to
pneumatic pouch motor.

APPENDIX B

Figure B1: Template of Curling Pouch Motor

APPENDIX C

Figure C1: Template of Curling Pouch Motor

APPENDIX D

Table D1: Explanation of variables used throughout the

results section

Variables

Representing

g o< T
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Pressure (kPa)
Force (N)

Volume (cm?®)
Angle (rad)
Displacement (mm)
Work (kJ)
Efficiency (%)



* THE CANADIAN SCIENCE FAIR JOURNAL

APPENDIX E

0

Figure E1: Length of curvature and bending angle
APPENDIX F

aF _ k(442 —-F

dx_ (' - )
1

(442 — F)

1
J.—@LAZ_F)dF:J‘kdx
In|4.42 —F|=kx+C

elnl4.42-F| — gkx+C
442 — F = Aek*
F = 4.42 — Ae** Substitution : F=0.1156 x=0
F=3.8617 x=0.672

dF = kdx

F =442 — 4.3044¢303%

Figure F1 - Force-Displacement Model for Linear Pouch

APPENDIX G

dF—k 652 —-F

sz &F = kdx

1
f—(6.52—F)dF=fkdx
In|6.52 —F|=kx+C

elnl6.52—F| — gkx+C
6.52 — F = Aek*
F = 6.52 — Ae** Substitution : F=0.0455 x=0
F=6.052 x=6.083
F = 6,52 — 6.47~0439%%

Figure G1 - Force-Displacement Model for Curling Pouch
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APPENDIX H
Work input by linear pouch:
11.33
W= f 2.1986V + 104.21
0
21986

, 11.33
V2 +10421V]

W = 1321.8 kPa*cm’®
W =1.3218x 1073 kJ

Work input by curling pouch:

12.49

W= j 2.2464V + 104.15

0
2.2464 12.49
=—5—V?+10415V]

W = 1476.05 kPa*cm®
W = 1.47605 x 1073 kJ

Work output by linear pouch:

2
W= j 4.42 — 4.304e 3039
0

=il ||
W = 4.42x — 430473039 .

3.03910
W = 7.42 N*mm
W = 0.00742 N*m
W=742x10"°KJ

Work output by curling pouch:

9
W = j 6.52 — 6.47¢ 1399
0

-1 19
e e —4.399x ,

W = 6.52 — 6.47e 1390l0

W = 57.21 N*mm

W = 0.05721N*m

W =5.721 x 10~5kJ

Efficiency of linear pouch:
_ Wout
E= % 100%
in

7.42 x 1076

E 1.3218 x 103
E =0.561%

x 100%

Efficiency of curling pouch:

— out 0,
E , X 100%
5721 x 1075

~ 147605 x 103
E =3.87%

Figure H1 - Work Calculations

X 100%



